Objective. The purpose of the study was to examine the acute effects of the timing of exercise on the glycemic control during and after exercise in T2D. Methods. This study included 26 T2D patients (14 women and 12 men) who were treated with metformin. All patients were tested on four occasions: metformin administration alone (Metf), high-intensity interval training (HIIT) performed at 30 minutes (EX30), 60 minutes (EX60), and 90 minutes (EX90) postbreakfast, respectively. Glucose, insulin, and superoxide dismutase (SOD) activity were examined. Results. Glucose decreased significantly after the exercise in EX30, EX60, and EX90. Compared with Metf, the decline in glucose immediately after the exercise was larger in EX30 (−2.58 mmol/L; 95% CI, −3.36 to −1.79 mmol/L; p < 0 001), EX60 (−2.13 mmol/L; 95% CI, −2.91 to −1.34 mmol/L; p < 0 001), and EX90 (−1.87 mmol/L; 95% CI, −2.65 to −1.08 mmol/L; p < 0 001), respectively. Compared with Metf, the decrease in insulin was larger in EX30 and EX60 (both p < 0 001). Conclusions. Timing of exercise is a factor to consider when prescribing exercise for T2D patients treated with metformin. This trial is registered with ChiCTR-IOR-16008469 on 13 May 2016.
Introduction
Type 2 diabetes (T2D) is considered as one of the most prevalent diseases, affecting over 250 million patients worldwide [1] . In China, the number of adults affected by T2D was estimated to be 113.9 million in 2010, while 493.4 million adults were estimated to be prediabetic [2] . T2D is generally characterized by relative insulin deficiency by pancreatic β-cell and impaired insulin-stimulated glucose uptake and disposal in target tissues [3] . Moreover, diabetes predisposes individuals to an increased risk of mortality induced by a range of cardiovascular and noncardiovascular diseases [4] .
Metformin has been widely prescribed as an important drug for treating T2D for decades [5] , and it is recommended as the first-line pharmacological therapy for newly diagnosed T2D [6, 7] . Although the mechanisms underlying the action of metformin are not fully understood, evidence suggests that metformin exerts its antidiabetic effects primarily by inhibiting hepatic glucose production as well as by increasing insulin sensitivity [8, 9] . In addition to metformin therapy, lifestyle changes (e.g., regular physical activity and hypocaloric diet) are also recommended interventions for patients with T2D [6, 7, 10] .
It is well known that exercise not only increases physical fitness [11] but also leads to increased glucose uptake by skeletal muscle and stabilized blood glucose concentrations, while it chronically enhances insulin sensitivity and decreases concentrations of glycosylated hemoglobin (HbA 1c ) [12] [13] [14] [15] . However, the optimal exercise prescription for T2D has not been established [14] . Moreover, the combined effects of exercise and metformin therapy on glycemic control have not been well documented and the current literature yielded conflicting results. Specifically, studies demonstrated that concurrent exercise and metformin administration may blunt the acute effects of a single exercise session on insulin sensitivity [16] and attenuate the chronic effects of exercise training on insulin sensitivity and some risk factors of cardiovascular diseases [17, 18] . Conversely, another study reported that metformin did not attenuate the benefits of exercise training on glycemic control and fitness [19] . Furthermore, two recent studies showed that postbreakfast exercise had a positive effect on glycemic control in patients treated with metformin [20, 21] .
However, the timing of exercise was not considered in previous studies. It remains unclear whether the effects on glycemic control are affected by the timing of exercise in T2D patients treated with metformin. Therefore, the purpose of the present study was to investigate the effects of exercise timing on the glycemic control during and after exercise in T2D.
Materials and Methods
2.1. Participants. Participants were recruited from two clinical health-care centers in China using a two-step screening procedure. Firstly, approximately 2523 patients with T2D were screened from the local diabetes database and clinical outpatient registration. The screening criterion at this stage was diagnosed type 2 diabetes within 5 years. A nurse contacted these potential participants by phone to ascertain the use of medication and complications. Out of the 100 potential participants who met the inclusion criteria, 56 were interested and invited to a laboratory visit. During this visit, detailed information regarding the study was provided and the potential participants completed a screening and health questionnaire. The eligibility criteria for this study were as follows: men and women (30-65 years old) diagnosed with T2D no more than 5 years and prescribed with metformin (maximal daily dose of 2000 mg). Exclusion criteria included the following: diagnosed comorbidities such as cardiovascular diseases, musculoskeletal diseases, or mental diseases; body mass index (BMI) greater than 38 kg/m 2 ; or diagnosed type 1 diabetes mellitus. Finally, 34 patients participated in the study. Of those, 26 patients (14 women and 12 men, mean age = 53.8 ± 8.6 years) completed all testing procedure and were included in this report. All patients were informed about possible risks of all study procedures prior to testing. The study was conducted according to the Declaration of Helsinki. Ethics approval was obtained from the Ethics Committee of Bio-X center at Shanghai Jiao Tong University (number ML16027) and West China Hospital at Sichuan University (number 2016189). Written informed consent was obtained from each participant prior to enrolment in the study.
Study
Design. This study was a randomized crossover trial. Subjects reported to the laboratory on four different occasions, each separated by a minimum of one day (Figure 1) . Therefore, each exercise session was separated by a minimum of 48 hours. During the first visit, subjects' diurnal glucose metabolism was assessed between 8:00 a.m. and 4:00 p.m. (Metf). Thereafter, subjects were familiarized with the cycle ergometer and tested for maximal aerobic power by an incremental cycle ergometer test. During the subsequent laboratory visits, subjects performed a single session of high-intensity interval training (HIIT) 30 (EX30), 60 (EX60), or 90 (EX90) minutes following breakfast and metformin administration in a randomized order. The three exercising time points were selected within the midpostprandial period (30-90 min postmeal), which was previously recommended as time window for diabetes patients to manage hyperglycemia through moderate-intensity exercise, with minimal risk of hypoglycemia [22] .
Subjects arrived in a fasted state on each laboratory visit. Standardized breakfast and metformin were administered at 8:00 a.m. On exercise days, cycling was performed at 8:30 a.m. (EX30), 9:00 a.m. (EX60), or 9:30 a.m. (EX90), respectively. Capillary blood was collected from the fingertip for assessing blood glucose and lactate concentrations. Venous blood samples were drawn before and immediately after the cycling exercise.
Metformin Administration.
Metformin was prescribed by the participants' doctors. The participants did not change their medication during the study. The prescribed daily dose of metformin ranged from 500 mg to 1700 mg.
2.4.
Anthropometrics, Blood Pressure (BP), and Physical Activity. Body height and weight were measured using standardized procedures. Resting BP was measured by an electronic BP monitor (HEM-7051, Omron Healthcare Co. Ltd., Dalian, China). The Chinese version of the International Physical Activity Questionnaire (IPAQ) short form was used to obtain daily physical activity level [23] .
2.5. Meal Standardization. Dietary intake was standardized on the evening prior to each laboratory day as well as between 8:00 a.m. and 4:00 p.m. during each testing day. The meals were provided by the research personnel and eaten at the laboratory. The timing of meals was as follows: dinner 6:30 p.m., breakfast 8:00 a.m., lunch 12:00 p.m., snacks one hour after exercise cessation and 3:00 p.m. The lunch accounted for 40% of the total daily energy intake. The breakfast and dinner each accounted for 30% of the total daily energy intake, respectively. The total energy of meals ranged from approximately 1400 to 1800 kcal, which was adjusted individually based on body weight. The proportion of macronutrients were as follows: 40-50% carbohydrate (fiber > 20 g), 20-30% fat (saturated fatty acids 10%, monounsaturated fatty acids 15-20%, and poly-unsaturated fatty acids 10%), and 20% protein, respectively. Water was allowed throughout all testing days ad libitum.
2.6. Maximal Aerobic Capacity. All exercise tests were supervised by a clinical doctor. ECG (Zephyr Wireless Monitor, Zephyr Technology Corp., New Zealand) and oxygen saturation (Patient Monitor PM-900, Biocare, Shenzhen, China) were recorded throughout each exercise test. Subjects' maximal aerobic power was determined by an incremental cycle ergometer test (Ergomedic 839E, Monark Exercise AB, Varberg, Sweden). The initial load for all subjects was 30 watts, and the load was increased every 2 minutes by 20 watts until volitional exhaustion. Heart rate (HR) and rating of perceived exertion (RPE) were determined following each increment. Verbal encouragement was provided throughout the test. Maximal voluntary exhaustion was accepted with an RPE score ≥ 17. Maximal aerobic power (W max ) was determined by the following equation [24] :
where W com is the load of the last completed stage and t (second) is the time of the last incomplete stage.
2.7. HIIT Protocol. The HIIT protocol was performed on the same cycle ergometer (Ergomedic 839E, Monark Exercise AB, Varberg, Sweden). Based on previous studies [25, 26] and pilot tests performed prior to commencing with the study, the protocol consisted of 6 1-minute bouts of high-intensity cycling at 85% of the maximal watts, separated by 3-minute bouts at 40%, leading to a total exercise duration of 27 minutes. Blood lactate and glucose concentrations were determined after each high-intensity bout as well as immediately postexercise, while RPE and HR were recorded both before and after each highintensity bout. 2.9. Statistics. Gender differences in the descriptive data were evaluated using an unpaired t-test or Wilcoxon rank sum test (nonnormally distributed data). Linear mixed-effects modelling was conducted to assess the differences between experimental conditions in the measures of glucose allowing for repeated measurements from the same individuals. Since there is a gender differences in glucose kinetics during and after exercise [27] , the potential interaction between gender and experimental conditions was tested by adding a gender × experimental interaction term in the model. No significant interactions were found. Therefore, the interaction term was removed from the final model. Moreover, considering that the doses of metformin may modify the timing effects of medication and exercise, a dose × experimental interaction term was then added in the model. Since no significant modification effects of doses were observed, the interaction term was removed from the final model. All statistical analyses were conducted with STATA 14 for Windows (StataCorp, College Station, Texas, USA), and the level of significance was set at p < 0 05 (two-sided).
Results

Participant Characteristics.
Out of the 34 participants, 26 completed all test procedures. Four patients dropped out due to personal reasons (i.e., not available on testing days). Four patients were excluded before exercise tests due to unreported diseases or medication. The analyses were conducted on the 26 participants. Physical characteristics, anthropometrics, biochemical information, and metformin dose in the morning are presented in Table 1 . Men were heavier and taller than women (both p < 0 05). Men also had greater maximal aerobic capacity than women (p < 0 05). No significant differences of other baseline characteristics were observed between women and men.
Changes in Glucose during
Exercise. Capillary glucose decreased significantly after exercise in EX30, EX60, and EX90 (Figure 2 (a) and Supplementary Table 1) . Compared with EX30, reductions in glucose concentrations were significantly larger after exercises in EX60 (−2.03 mmol/L; 95% CI, −2.67 to −1.39 mmol/L; p < 0 001) and EX90 (−1.66 mmol/L; 95% CI, −2.30 to −1.02 mmol/L; p < 0 001). Blood lactate concentrations were significantly increased to a similar extent during all three exercise sessions (Figure 2(b) ).
3.3.
Glucose during the Day. Changes in capillary blood glucose during the day are presented in Figure 3 and Supplementary Table 2 . On the Metf day, the postprandial peak glucose was observed after one hour and began to decrease thereafter. Compared with Metf, the declines in glucose immediately after exercise (postexercise versus fasting) were larger in EX30 (−2.58 mmol/L; 95% CI, −3.36 to −1.79 mmol/L; p < 0 001), EX60 (−2.13; 95% CI, −2.91 to −1.34; p < 0 001), and EX90 (−1.87 mmol/L; 95% CI, −2.65 to −1.08 mmol/L; p < 0 001). The declines in EX30 day were larger than that in EX90 day (p = 0 04). There are no significant differences when comparing EX30 day with EX60 day and comparing EX60 day with EX90 day. The changes in glucose in the remaining hours after the exercise (i.e., at 12:00 p.m., 2:00 p.m., and 4:00 p.m.) did not differ between the four experimental conditions (all p > 0 05), although there was a tendency that exercising days had lower values compared with Metf. (Figure 4(a) ). In EX90, the decrease in insulin did not significantly differ from that in Metf (−46.35 pmol/L; 95% CI, −110.86 to 18.16 pmol/L; p = 0 16). Total SOD activity was increased from 8:00 a.m. to 10:00 p.m. in Metf; however, the changes in SOD in EX30, EX60, and EX90 did not significantly differ from Metf (Figure 4(b) ).
Discussion
The current study examined the acute effects of the timing of exercise on the glycemic control during and after exercise in T2D. The findings indicated that the timing of exercise may be a modifiable factor influencing postexercise glycemic control when combining exercise with metformin therapy. HIIT is a time-efficient exercise mode to improve cardiovascular fitness and some cardiometabolic risk factors in patients with cardiometabolic disease [28, 29] . Recently, HIIT gained its popularity in patients with T2D [30] . In the current study, a single bout of HIIT was performed at 30 minutes, 60 minutes, and 90 minutes postbreakfast, which led to continuous decreases in blood glucose and insulin as well as increases in blood lactate concentrations during the exercise session. Our results were in accordance with previous studies [31, 32] , which supported the beneficial role of HIIT in glycemic control. A recent study by Hansen et al. [20] examined the effects of metformin on glucose kinetics during a bout of 45 min moderate exercise. They showed that the combined effects of metformin and exercise improved glucose metabolic clearance rate with no risk of hypoglycemia. Therefore, the authors concluded that metformin and exercise can be administered in combination. Our findings also confirmed the findings from Erickson et al. [21] who showed that a signal bout of exercise at 30 minutes postbreakfast had a significant glucose-lowering effect in people treated with metformin monotherapy. However, the current study extended previous findings by examining the timing effects of exercise on glycemic responses to a standardized meal and metformin administration. When a bout of HIIT was performed at 30 minutes postbreakfast, the peak glucose was blunted, thereby further stabilizing the postprandial glucose fluctuation. This finding has clinical implications, since glycemic fluctuations are a therapeutic target for managing T2D [33, 34] and high glycemic fluctuations were previously linked with increased oxidative stress and a number of complications [34] [35] [36] . This exercise condition also led to larger reductions in glucose levels compared with exercise being carried out at 90 minutes postbreakfast. Although exercising at 90 minutes postbreakfast did not cause hypoglycemia, the absolute postexercise glucose concentration was the lowest among the three experimental conditions. Taken together, the results suggest that timing of exercise is a modifiable factor influencing postexercise glycemic control and exercise at 30 minutes postbreakfast may be preferred in terms of lowering and stabilizing postprandial glucose levels in patients treated with metformin.
In a previous study, Boule et al. [37] revealed that glucose response to a standardized breakfast was reduced by metformin. However, when a 35 min exercise was performed about 2.5 hours after breakfast and metformin administration, the reduction in glucose was attenuated during the 2 h postlunch period. Sharoff et al. [16] examined the combined effects of a short-term (2-3 weeks) metformin treatment and a single bout of exercise on insulin sensitivity in insulin-resistant subjects. Their results indicated that metformin might attenuate the beneficial effects of exercise alone on insulin action. Interestingly, the current results were contrary to those two studies. In the current study, the changes in glucose before lunch as well as 2 and 4 hours after lunch did not differ among the four experimental conditions. However, the discrepancy between previous studies and the current study should be interpreted with caution due to the differences in study subjects and experimental procedures.
Systemic oxidative stress is found in insulin resistance and T2D [38, 39] . Both acute and regular exercises can activate antioxidant enzymes [40] . SOD is an antioxidant which enzymatically converts superoxide into hydrogen peroxide. Considering that metformin can reduce ROS production [41] , while intense exercise and muscle contraction typically lead to acute increases in ROS production [42] , it was previously speculated that ROS may play a role in the combined effects of exercise and metformin on metabolic adaptation [41] . However, in the current study, postexercise changes in SOD activity did not differ from those in Metf. However, it should be noted that SOD is only one indirect marker of oxidative stress and future studies should incorporate direct indicators of ROS production, such as 8-epi-prostaglandin F2 [43] , in order to obtain a clear picture on the potential interaction of exercise and metformin on glucose metabolism. The current study had its strength and limitations. The patients of this study were only prescribed with metformin for treating T2D. This ruled out the potential interference of other glucose-lowering medication. Therefore, this population allowed us to solely investigate the combined impact of exercise with metformin therapy but at the same time, the present findings may not be applicable to patients prescribed with multiple glucose-lowering drugs. Another limitation is that no exercise only group was included in the study, which limits the potential of the study to clarify whether the combination of exercise and metformin is better than exercise alone. However, due to the considerations of ethicality and safety, we did not and cannot require the patients to withdraw their daily medication. Furthermore, the current study only investigated the effects of postbreakfast exercise and its timing. Therefore, exercising at other time points (e.g., before breakfast or surrounding the meals) may affect glycemic control differently, which needs to be considered in future studies. Meanwhile, HIIT was employed in the study. It is therefore possible that the findings may not be generalized to other forms of exercise. Finally, the insulin sensitivity was not assessed, nor were the potential long-term effects of combining exercise with metformin therapy on glycemic control evaluated. Boule et al. [19] recently showed that metformin did not attenuate the beneficial effects of a 6-month exercise training program on HbA 1c , fasting glucose and physical fitness in T2D. However, it remains to elucidate the optimal timing of exercise in order to obtain optimal short-term and long-term benefits for T2D patients treated with metformin therapies.
Conclusions
Timing of exercise is a factor to consider when prescribing exercise for T2D patients treated with metformin. However, further studies are warranted to elucidate the long-term effects of the combination of exercise and metformin on glycemic control, as well as the underlying mechanisms.
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